Aims/hypothesis Impaired fasting glucose (IFG) and impaired glucose tolerance (IGT) are risk factors for type 2 diabetes and cardiovascular disease; however, their impact on these endpoints differs. Because liver fat and visceral fat are important determinants of glucose and lipid metabolism, we investigated whether these fat compartments and their humoral products, the adipokine adiponectin and the hepatokine fetuin-A, differ in their impact on the glucose categories. Methods In 330 individuals at risk of type 2 diabetes, glucose tolerance status was determined by a 2 h 75 g OGTT. Total-body and visceral fat were precisely quantified by magnetic resonance (MR) tomography and liver fat by 1 H-MR spectroscopy. Results A total of 210 individuals had normal glucose tolerance (NGT), 41 isolated IFG, 43 isolated IGT and 36 IFG+IGT. Total-body fat was not different (p=0.51), although a small but continuous increase in visceral fat was found among the categories after adjustment for age and sex (NGT: 3.07±0.10 kg; IFG: 3.11±0.21 kg; IGT: 3.61 ± 0.21 kg; IFG +IGT: 3.84±0.23 kg [SEs], p=0.03). A larger difference was found for liver fat (NGT: 4.73±0.42%; IFG: 5.86±0.92%; IGT: 8.65±0.92%; IFG+IGT: 11.11±1.01%, p<0.0001). The differences among the categories were small for adiponectin (p=0.14), but larger for fetuin-A (p=0.015). Among fat compartments, liver fat (p<0.0001) and among circulating variables fetuin-A (p=0.016) were the strongest determinants of the categories. Conclusions/interpretation Liver fat, more than visceral fat, strongly increases when glycaemia and glucose tolerance move from NGT to isolated IFG, isolated IGT and IFG+IGT. Because liver-derived circulating fetuin-A determines, although weakly, prediabetes categories, it is worth searching for hepatokines more strongly predicting prediabetes.
Introduction
The prediabetic states, impaired fasting glucose (IFG) and impaired glucose tolerance (IGT) most probably result from different pathophysiological mechanisms [1] [2] [3] [4] , although they are both associated with an increased risk of type 2 diabetes [5, 6] . Furthermore, these prediabetic conditions are associated with an increased risk of cardiovascular disease and mortality. This was found in individuals with IFG+IGT and was shown for individuals with isolated IGT in most studies [7] [8] [9] . In contrast, individuals with isolated IFG have a modestly increased risk [10] . Of note, during the prediabetic state the increased risk appears to be dependent on the presence of cardiovascular risk factors such as hypercholesterolaemia and subclinical inflammation [7, 11] . These variables are strongly related to visceral adiposity and fatty liver, established determinants of type 2 diabetes and cardiovascular disease [12] [13] [14] [15] [16] [17] [18] .
Recently, we characterised metabolically benign obesity [19] , a pathophysiologically very interesting condition [20] . In that study we identified low liver fat as the most important determinant of this phenotype, which is characterised by high insulin sensitivity and low intima-media thickness of the common carotid artery [19] . So far, the impact of liver fat vs visceral fat on determining the prediabetic conditions of isolated IFG, isolated IGT and IFG+IGT have not been investigated. Knowledge about the role of these fat compartments and their secreted products in the pathogenesis of prediabetes may help to develop both novel predictors of type 2 diabetes and individualised prevention and treatment strategies for impaired glucose and lipid metabolism.
Therefore, in the present study we investigated the relationships of total-body and visceral fat, precisely measured by magnetic resonance (MR) tomography, and ectopic fat deposition in liver and skeletal muscle, measured by 1 H-MR spectroscopy, with glucose categories in a large cohort of 330 participants at risk of type 2 diabetes. To further corroborate the role of visceral fat and liver fat in determining the glucose categories, we investigated the relationships of the main humoral products of visceral fat and liver, adiponectin and fetuin-A [21, 22] , which are determinants of incident type 2 diabetes and cardiovascular disease [23] [24] [25] [26] [27] , with these categories.
Methods
Participants Data of 330 whites, 129 men and 201 women without type 2 diabetes, from the southern part of Germany, were analysed. These individuals were participating in an ongoing study to reduce adiposity and prevent type 2 diabetes [22, 28] . Individuals were included in the study when they fulfilled at least one of the following criteria: a family history of type 2 diabetes, a BMI >27 kg/m 2 and a previous diagnosis of IGT and/or of gestational diabetes. They were considered healthy according to a physical examination and routine laboratory tests. The participants had no history of liver disease and did not consume more than two alcoholic drinks per day. Informed written consent was obtained from all participants and the local medical ethics committee approved the protocols.
Body fat distribution Waist circumference was measured at the midpoint between the lateral iliac crest and lowest rib.
Total-body and visceral fat were measured by MR tomography, with an axial T1-weighed fast spin echo technique with a 1.5 T whole-body imager (Magnetom Sonata; Siemens Medical Solutions, Erlangen, Germany), as previously described [29] .
Liver fat and intramyocellular lipids Liver fat and intramyocellular fat of the tibialis anterior muscle were measured by localised 1 H-MR spectroscopy, as previously described [29] .
OGTT All individuals underwent a 75 g OGTT. We obtained venous plasma samples at 0, 30, 60, 90 and 120 min for determination of plasma glucose and insulin. Glucose tolerance was evaluated based on OGTT as follows: NGT (fasting glucose <5.6 mmol/l and 2 h glucose <7.8 mmol/l); isolated IFG (fasting glucose 5.6-6.9 mmol/l and 2 h glucose <7.8 mmol/l); isolated IGT (fasting glucose <5.6 mmol/l and 2 h glucose 7.8-11.0 mmol/l); and IFG+IGT (fasting glucose 5.6-6.9 mmol/l and 2 h glucose 7.8-11.0 mmol/l) [30, 31] .
Insulin sensitivity from the OGTT was calculated as proposed by Matsuda and DeFronzo [32] . Furthermore, the HOMA insulin resistance index (HOMA-IR) was calculated [33] . Insulin secretion was assessed by calculating the incremental insulin/glucose ratio in the first 30 min of the OGTT (ΔΙns 30-0 /ΔGlc 30-0 ) and the AUC for insulin divided by the AUC for glucose during the 120 min of the test [34] .
Euglycaemic-hyperinsulinaemic clamp A subgroup (n=224) additionally underwent a euglycaemic-hyperinsulinaemic clamp. Insulin sensitivity was determined with a primed insulin infusion at a rate of 40 mU m −2 min −1 for 2 h, as previously described [29] .
Analytical procedures Blood glucose was determined using a bedside glucose analyser (glucose oxidase method; Yellow Springs Instruments, Yellow Springs, CO, USA). Plasma insulin was determined by microparticle enzyme immunoassay (Abbott Laboratories, Tokyo, Japan). The plasma glucose and insulin AUCs during the OGTT were calculated using the trapezoidal rule. Plasma samples were frozen immediately and stored at −80°C. Fasting plasma levels of adiponectin were determined with ELISA (Linco Research, St Charles, MO, USA). Fasting plasma levels of fetuin-A were measured by an immunoturbidimetic method (BioVendor Laboratory Medicine, Modreci, Czech Republic), as previously described [24] . According to the cut-off of liver fat of 5.56% [35] , 104 individuals were found to have fatty liver.
Statistical analyses
Visceral fat was higher in men (4.34±0.16 vs 2.14± 0.09 kg, p<0.0001) and correlated significantly with age (r=0.36, p<0.0001), BMI (r=0.62, p<0.0001), waist circumference (r=0.82, p<0.0001), total-body fat (r=0.45, p<0.0001) and liver fat (r=0.60, p<0.0001) and weakly with intramyocellular fat (r=0.11, p=0.06). Visceral fat adjusted for age, sex and total-body fat correlated inversely with insulin sensitivity (OGTT, r=−0.29, p<0.0001; clamp, r=−0.32, p<0.0001) and circulating adiponectin (r=−0.42, p<0.0001), but not with circulating fetuin-A (r=0.08, p=0.19).
Liver fat was also higher in men (7.31±0.60 vs 4.89±0.42%, p<0.0001) and correlated significantly with age (r=0.17, p=0.002), BMI (r=0.44, p<0.0001), waist circumference (r=0.53, p<0.0001), total-body fat (r=0.31, p<0.0001) and intramyocellular fat (r=0.20, p=0.0005). Liver fat adjusted for age, sex and total-body fat correlated inversely with insulin sensitivity (OGTT, r=−0.44, p<0.0001; clamp, r=−0.47, p<0.0001) and circulating adiponectin (r=−0.25, p<0.0001) and positively with circulating fetuin-A (r=0.14, p=0.017).
Characteristics according to fasting glycaemia and glucose tolerance status Among the 330 participants, 210 were found to have NGT, 41 isolated IFG, 43 isolated IGT and 36 IFG+IGT (Table 1) . Compared with the NGT group the percentage of men and age were higher in the IFG and IFG+IGT groups. Body weight, BMI, waist circumference and total-body fat were not different among the four categories after adjustment for age and sex. One of the inclusion criteria, in fact the most frequently applied, BMI >27 kg/m 2 , may partly account for the absence of a significant difference in total-body fat among the categories. However, there was a small but continuous increase in adjusted visceral fat from NGT to IFG+IGT (Fig. 1a) and a more pronounced increase in adjusted liver fat (Fig. 1b) . In line, individuals with IGT or IFG+IGT more often had fatty liver than individuals with NGT or isolated IFG (Table 1) .
Among the metabolic characteristics, insulin sensitivity adjusted for age, sex and total-body fat decreased from NGT to IFG+IGT. HOMA-IR was particularly high in individuals with IFG and IFG+IGT, while insulin sensitivity estimated from the OGTT and measured by the clamp showed a more continuous decrease from NGT to IFG+IGT. A similar trend was observed for insulin secretion adjusted for age, sex, total-body fat and insulin sensitivity estimated from the OGTT. Levels of the adipokine adiponectin were not different among the categories. Because adiponectin levels differ between men and women, analyses for adiponectin were also done separately in men and women. There was a small difference in adiponectin levels in women (NGT: 16.23±0.66 μg/ml; IFG: 19.6±2.33 μg/ml; IGT: 14.82±0.95 μg/ml; IFG+IGT: 12.6±1.47 μg/ml, p=0.016), whereas there was no difference in men (p=0.09) among the categories. In all individuals there was a difference in the levels of the liver-derived protein fetuin-A (Fig. 1c, d ). In this respect, the adjusted levels of fetuin-A were higher in individuals with isolated IGT compared with individuals with isolated IFG (p<0.05).
Because of the number of tests performed a type I error may have occurred. However, because the variables tested in our study are highly correlated, and because we had a clear a priori hypothesis, namely that liver fat and its humoral product, fetuin-A, levels are more strongly correlated with prediabetic categories than visceral fat and its major humoral product, adiponectin, it is questionable whether a correction for multiple comparisons is appropriate. Nevertheless, when we corrected for the four tests performed, the relationships of liver fat and visceral fat with glucose categories remained significant also at the new α level of 0.0125, while the relationship of circulating fetuin-A with the glucose categories was only of borderline significance (p=0.015).
Predictive effect of the variables on fasting and glucose tolerance categories To investigate the impact of the fat compartments and their humoral signals in determining the fasting glycaemia and glucose tolerance categories, we performed forward stepwise regression analysis. As independent variables we chose the variables age and sex as well as liver fat and visceral fat that were different among the categories and total-body fat, which is a determinant of visceral fat and liver fat. In a model including these variables, liver fat was the strongest determinant followed by age (Table 2 , model 1). In another model including age, sex, circulating adiponectin and circulating fetuin-A, age was the strongest determinant of the categories followed by fetuin-A and adiponectin (Table 2, model 2).
Next we investigated the predictive effects of the fat compartments and their humoral signals in determining fasting and 2 h glycaemia. In models including age, sex and total-body, visceral and liver fat, age (p<0.0001), followed by liver fat (p=0.01) and visceral fat (p=0.03) were independent determinants of fasting glycaemia, while liver fat (p<0.0001), followed by age (p=0.0005) and sex (p=0.01) were independent determinants of 2 h glycaemia. In models including age, sex, circulating adiponectin and circulating fetuin-A, only age (p<0.0001) was an independent determinant of fasting glycaemia, while age (p<0.0001) followed by fetuin-A (p=0.0009), adiponectin (p=0.0026) and sex (p=0.02) were independent determinants of 2 h glycaemia.
Next we calculated the ORs of the participants for having prediabetes (IFG, IGT and IFG + IGT groups combined) vs NGT. Both before and after adjustment, among the fat compartments, again liver fat turned out to be 
Discussion
In the present study, using precise measurements of body fat distribution, we found that the metabolically very active visceral fat continuously increases when fasting glycaemia and glucose tolerance move from NGT to isolated IFG, isolated IGT and IFG+IGT. This finding is in agreement with the recent data of Stancakova et al. [3] , who found an increase in waist circumference, an estimate of visceral adiposity, in men among these prediabetic categories. However, we provide novel information that liver fat is a stronger determinant of prediabetic categories than visceral fat. These findings indicate that liver fat may be a more important determinant of impaired glucose regulation than visceral fat. Despite the fact that liver fat was found to be closely associated with visceral fat in many studies [17, 19, 21, 28, 36] and also in this report, the present data suggest that individuals may exist who have high liver fat but no increased visceral adiposity. When we applied the cut-off values for waist circumference indicating visceral obesity in men and women of the National Cholesterol Education Program's Adult Treatment Panel III report [37] , we found indeed that 17% of our participants had fatty liver, but no visceral obesity. These data suggest that measuring liver fat may be useful in the determination of the diabetes risk even after measurement of waist circumference or visceral fat. In this aspect, a very recent study in 118 obese adolescents found a trend for an increase in the prevalence of prediabetes across tertiles of liver fat content. However, whether visceral or liver fat was more important in determining prediabetes was not studied [38] . To corroborate our findings, we investigated the relationships of the main humoral products of fat and liver, adiponectin and fetuin-A, with these categories. In agreement with the data about the fat compartments among the categories, the differences in circulating fetuin-A were larger than in circulating adiponectin, and fetuin-A was a somewhat stronger predictor of the categories than adiponectin. Thus, from a pathophysiological aspect, although both fat (a, p=0.03) , liver fat (b, p<0.0001), circulating adiponectin (c, p=0.14) and circulating fetuin-A (d, p=0.15) in individuals with NGT, IFG, IGT and IFG+IGT. Visceral fat and liver fat were adjusted for sex and age. Circulating adiponectin and fetuin-A were adjusted for sex, age and total-body fat proteins are critical in the pathogenesis of diabetes and cardiovascular disease, it appears that targeting liver fat and its secreted products may be more promising than visceral fat in the prevention and treatment of impaired glucose metabolism. How are liver and visceral fat related to abnormal glucose regulation? Both fat compartments are closely correlated with insulin resistance [14, 15, [39] [40] [41] . While effects of fatty liver in increasing hepatic glucose production via impaired hepatic insulin signalling are well established [42] , its role as an endocrine organ has not been fully understood. The liver-secreted protein fetuin-A and the adipokine adiponectin appear to affect insulin sensitivity in different ways. Fetuin-A inhibits insulin receptor autophosphorylation, and thus has direct effects on insulin signalling [22] . Adiponectin mainly induces oxidation of ectopic fat in the liver and skeletal muscle, and via this mechanism protects from obesity/fat-induced insulin resistance [23] . In agreement with this hypothesis, human studies showed that circulating adiponectin correlated with insulin sensitivity particularly in more obese individuals [43] . If both circulating proteins have distinct and somewhat different effects on insulin sensitivity, then they should be independently correlated with insulin sensitivity. Indeed, in our study circulating fetuin-A and adiponectin were both strongly and independently correlated with insulin sensitivity estimated from the OGTT (both p<0.0001) and measured by the clamp (both p<0.0001). Furthermore, in more lean individuals the correlation of adiponectin with insulin sensitivity was weak (clamp, p=0.02) or absent (OGTT, p=0.11), while adiponectin strongly correlated with insulin sensitivity in more obese individuals (both p<0.0001). In contrast, similar strong correlations of circulating fetuin-A with insulin sensitivity were found among more obese and lean individuals.
Differences in insulin sensitivity among prediabetic categories have been reported in many studies. A continuous decrease in estimates of glucose disposal from NGT to IFG, IGT and IFG+IGT was found [1] [2] [3] 44] . In contrast, HOMA-IR derived from fasting insulin and glucose levels, and which largely represents insulin resistance of the liver, was found to be higher in individuals with isolated IFG than isolated IGT and highest in individuals with IFG+IGT [2, 3, 44] . In our study, the finding of higher liver fat, but lower HOMA-IR in individuals with isolated IGT compared with individuals with isolated IFG was somewhat unexpected. However, although liver fat closely correlates with hepatic insulin resistance, mechanisms other than hepatic fat may also be operative in the determination of hepatic insulin resistance in IFG. A lower insulin secretion for a given insulin sensitivity, as estimated by the disposition index, in individuals with isolated IGT may also explain the lower HOMA-IR in these individuals. Indeed, we found a significantly lower disposition index (incremental insulin response from 0-30 min of the OGTT×the insulin sensitivity measured by the clamp) in individuals with isolated IGT than IFG (4.72±0.92 vs 6.55±1.12, p<0.05).
We next tested whether liver fat may also be associated with insulin secretion and, thereby, determine prediabetic categories. Differences in insulin secretion among the categories were reported in many studies [2, 3] . In our study, liver fat did not correlate with estimates of insulin secretion adjusted for age, sex, adiposity and insulin sensitivity (all p>0.28), which is in agreement with other studies [45, 46] . Thus, these data do not support the idea that liver fat determines the prediabetic categories via regulation of insulin secretion.
What do our present findings tell the clinician? We found a higher OR (1.82) for 1 SD increase in liver fat than for 1 SD increase in visceral fat (1.39) [47] . In the future, novel ultrasonographic methods are expected to provide more accurate results. Furthermore, although the circulating variables, adiponectin and fetuin-A, were found to be determinants of prediabetes, the predictive value was rather weak. Thus, more effort in searching for novel biomarkers of impaired glucose metabolism is needed. In addition, if liver fat is such an important determinant of prediabetic categories, then particularly reduction of liver fat would be expected to result in an improvement of impaired glucose metabolism. While treatment with thiazolidinediones is associated with a reduction in both liver and visceral fat content but with an increase in total-body fat [48] , targeting peroxisome proliferator-activated receptor (PPAR)-δ appears to have specific effects on liver fat. Treatment with PPAR-δ agonists largely decreased liver fat, without an effect on adiposity [49] . In agreement, we found that single-nucleotide polymorphisms in the PPAR-δ gene are more strongly correlated with a reduction in liver fat than total-body or visceral fat during a lifestyle intervention [50] . Thus, drugs specifically increasing fat oxidation in the liver may have a large impact in the prevention and treatment of prediabetes.
The main advantage of the present study is the precise phenotyping using state-of-the-art methods in a relatively large cohort of non-diabetic individuals. However, in addition to the obvious limitation that our cohort included only whites, the cross-sectional nature of the study does not allow the drawing of definitive conclusions about causal relationships.
In conclusion, we found that liver fat predicted glucose tolerance categories more strongly than total and visceral fat. Thus, differences in liver fat may explain part of the different risk of IFG and IGT for the development of diabetes and cardiovascular disease. Furthermore, our data suggest that it is worth searching for hepatokines better than fetuin-A for predicting prediabetes. Finally, strategies aiming at reducing liver fat may represent an effective tool in the treatment of prediabetes and in the prevention of type 2 diabetes.
